ADDITIONAL INDEX WORDS. Vitis vinifera, irrigation management, semiarid conditions, leaf water potential, stomatal conductance SUMMARY. Limited water supply in arid and semiarid Mediterranean environments demands improving irrigation efficiency. The purpose of this study was to determine a functional relationship between soil water availability and wine grape (Vitis vinifera) water status to determine a threshold value of soil matric potential to trigger irrigation. Seasonal trends of soil water potential, leaf water potential, and stomatal conductance (g S ) of 'Tempranillo' wine grape were determined in two deficit irrigation treatments replenishing 45% and 30% of the reference evapotranspiration, and in a third non- progressively decreased, showing significant differences between T1 and the rest of the treatments, while no significant differences in Y 1.2 were found. All relationships between profile soil matric potential and leaf water potential and g S were highly correlated. After integrating our data with previous studies, we suggest a whole profile soil water potential value of -0.12 MPa as threshold to trigger irrigation and avoid severe water stress during berry growth.
M ost cultivated vineyards in arid and semiarid environments grown under in the Mediterranean zone weather conditions, with irregular annual rainfalls ranging from 300 to 600 mm per year mainly during the dormant season, and high vapor pressure deficit and evaporation rates during a long summer, need to be irrigated during part of their seasonal cycle. The limited water resources characteristic of this region have promoted the development of several strategies of deficit irrigation. In a deficit irrigation system, only a fraction of the estimated crop evapotranspiration (ET) is replenished. Stored soil water is assumed to provide the remaining fraction. Usually, spring rainfalls and soil water content satisfied wine grape needs until berry set (mid June). In practical terms, vines grow throughout the season under controlled water deficit to prevent severe water stress.
Soil water deficit reduces vegetative growth (Deloire et al., 2004; Intrigliolo and Castel, 2006; Matthews et al., 1987; Paranychianakis et al., 2004) , stomatal conductance (g S ) (Cuevas et al., 2006; Dry and Loveys, 1999; Grimes and Williams, 1990) , photosynthesis (Iacono and Sommer, 1996) , and reproductive growth and yield (Dry et al., 2001; Escalona et al., 2003; Tregoat et al., 2002) . Thus, soil water availability and vine water status need to be evaluated simultaneously to guarantee adequate vine irrigation management; that is, to prevent vine water stress.
Different methods are used to determine soil water availability. Some of them estimate volumetric soil water content [time-domain reflectometer (TDR) and neutron probe], while others measure matric water potential/soil moisture tension (tensiometer, gypsum blocks, and granular matrix soil moisture sensor). It is difficult to measure an effective soil water potential within the rhizosphere because soil water potential varies diurnally along with the root and plant potential (Nadler and Heuer, 1997) . However, the information of soil water content is a good tool to evaluate the plant water status (Girona et al., 2006; Medrano et al., 2003; Van Leeuwen et al., 2001; Williams and Trout, 2005) . Critical to the use of soil moisture sensors is the threshold or lower limit value, which indicates the level to which soil can dry before irrigation is required. Generally, threshold values are selected to ensure that crops do not experience water stress or a loss in production. A large number of sensors must be installed to correctly monitor soil water content and to detect the spatial distribution of water in the root zone. Furthermore, because drip irrigation does not regularly wet the soil, special care must be taken for sensors to evaluate the wetted soil volume (Davenport et al., 2008; Stevens and Douglas, 1994; Stevens and Harvey, 1996) . In addition, uneven distribution of roots within the soil poses another difficulty. Measurements in zones with large root density may be closely associated with plant water status under non-limited water availability (Nadler and Heuer, 1997; Schultz, 2003) . However, under limited water supply or rain-fed conditions, vines can take up water from deeper zones with less root density but higher moisture. Therefore, an integrated soil moisture profile may provide a better assessment of soil water supply than single-depth soil moisture readings.
WatermarkÒ (Hanson et al., 2000) . Leaf water potential (Y l ) measured at different times of the day (predawn and during the day) is often used to determine plant water status. Leaf water potential measured at predawn (Y pd ), when leaf stomata are closed, has been found to be significantly related to soil water status in grapevine under various crop conditions (Deloire et al., 2004; Medrano et al., 2003; van Leeuwen et al., 2001; Yuste et al., 1999) . However, Williams (2002) pointed out that Y pd does not accurately reflect vine water status under water stress because non-irrigated plants sometimes have similar values to their irrigated counterparts due to rehydration during the night. Thus, leaf water potential measured at midday (Y md ) would be better correlated to plant water status, plant performance, and soil water availability than Y pd (Williams and Araujo, 2002; Williams and Trout, 2005) . Girona et al. (2006) showed that scheduling irrigation according to a certain Y md threshold improved irrigation effectiveness. Intrigliolo and Castel (2006) concluded that stem water potential and g S measured in the early morning were the best water stress indicators. Also, Cifré et al. (2005) , Dry and Loveys (1999) , and Medrano et al. (2003) recommended g S to evaluate grapevine water stress because of the fast response to soil water deficit and the good correlation to soil water content.
Baeza et al. (2007), Cuevas et al. (2006) , Flexas et al. (2002) , Lakso (1985) , and Williams et al. (1994) established significant relationships between leaf water potential and leaf assimilation rate or g S , indicating a sensitive response of leaf performance to its water status. Optimal irrigation scheduling using soil moisture sensors requires accurate threshold values for individual crops in given agricultural systems (Thompson et al., 2007) . The objective of this work was to determine a functional relationship between soil water availability and grapevine water status to define a threshold value of soil matric potential for irrigation management. ETo (Allen et al., 1998) , effective rainfall, and a treatment coefficient using the following equation:
Materials and methods
where Ti is the treatment irrigation coefficient, Pe is the effective rainfall, and 0.9 is the efficiency of the irrigation system. Three deficit irrigation treatments were established: T1 replenished 45% of ETo, T2 replenished 30% of ETo, and T3 non-irrigated. The calculated irrigation amount was distributed over the next week on a daily basis. Only in 2001, after a steady trend of values under 20% of soluble solids, was irrigation increased in T1% to 100% ETo, and T2% to 67% ETo, from day 248 to day 263, corresponding to phenological stage 37, berries not mature enough, according to Coombe (1995) , to increase photosynthetic activity and enhance sugar accumulation. In 2002, the increase of sugar composition of berries was adequate and it was not necessary to increase the irrigation dose. 
. This is an inexpensive, fast, and easy-to-use method, providing the opportunity for automatic recording in a WatermarkÒ Monitor Datalogger. The equation used to convert soil electrical conductivity (EC) on soil matric potential was provided by the manufacturer. Sensors, operating within a range of -0.01 to -0.2 MPa (Charlesworth, 2000) , were located at 0.3 m (Y 0.3 ), 0.6 m (Y 0.6 ), and 1.2 m (Y 1.2 ) depths in all replicates and treatments. One single vine per elemental plot was chosen to place the three soil sensors. Thus, there were three sensors per treatment and depth placed at the vine row at 0.25 m from the emitters and 0.35 m apart from the trunk, under the influence of the soil wetted volume. Data were collected with a hand-held soil moisture meter (Watermark Ò , model 30KTCD).
Measurements were taken 1 d after irrigation events and on the same days of plant physiological evaluations. Because rooting was 1.2 m depth, soil profile matric potential (Y 0-1.2 ) was calculated as a weighted by depth increment average of the soil water potential measured at each of the three depth intervals.
Stomatal conductance and leaf water potential were measured on the same leaf once every 2 weeks, from days of the year (DOY) 157 to 262 in 2001, and from DOY 164 to 280 in 2002. Six mature, sunlit, healthy leaves per treatment distributed between the four replications were sampled from the cluster area of main shoots. On each leaf, g S was determined and it was then covered with a plastic bag and excised to measure the leaf water potential. Stomatal conductance was evaluated in the early morning from 0800 to 0900 HR (gs em ), and at midday [from 1130 to 1230 HR (gs md )] using a portable, open-system, gas exchange analyzer (LI-6400; LI-COR, Lincoln, NE). Leaf water potential measurements were made with a pressure chamber (Soil Moisture Equipment) according to Turner's (1988) procedure. Measurements were done at predawn from 0300 to 0400 HR (Y pd ), at early morning from 0800 to 0900 HR (Y em ), and at midday [from 1130 to 1230 HR (Y md )].
Leaf area surface was performed based on Carbonneau (1976) by establishing a relationship between main leaf vein and surface area. Eight shoots per treatment were tagged in each single plot and the main leaf vein was measured on one of every three leaves on main and lateral shoots. The relationship between the main leaf vein (Ln) and the leaf surface (Ls) was: Ls = Ln · 20.306 -69.302.
STATISTICAL ANALYSIS. Analysis of variance was performed using SPSS (version 11.0; SPSS, Chicago). Duncan's test (P < 0.05) was used to compare differences among means.
The regression slopes were compared by using the software package MSTAT-C (version 2.1.0; Michigan State University, East Lansing). (Fig. 1 ). Larger differences were observed in upper soil layers, indicating more water extraction associated with more abundant root density (data not shown). Irrigation replenished water consumed only in the upper layer (0-30 cm) of T1. In deeper soil layers (60 and 120 cm), a consistent decrease across treatments in soil water potential as the season progressed indicated significant root water uptake and no water refill due to irrigation. T1 and T2 were deficit irrigation strategies.
Results

ENVIRONMENTAL CONDITIONS
Evaluations of leaf water potential at predawn (Y pd ) detected differences in water supply between irrigated and non-irrigated treatments. In the nonirrigated treatment (T3), Y pd were lower starting at 4 and 2 weeks after the beginning of irrigation in 2001 and 2002, respectively (Fig. 2, A and  B) . In both years, the differences between treatments became significant when Y pd in T3 was lower than -0. In both seasons, significant differences were found in Y em (Fig. 2 , C and D) and Y md (Fig. 2, E and F (Fig. 3) . After irrigation started in 2001, gs em decreased throughout the season in all treatments (Fig. 3A) . However, the largest decrease was observed in T3. Differences in gs em between irrigated and non-irrigated treatments began to appear 4 weeks after irrigation was triggered. Within the irrigated treatments, T1 had significantly (P < 0.05) higher gs em values than T2 for 2 weeks after veraison (DOY 198) , after which similar values were observed. The lowest values of gs em in 2001 were 51.4 and 14.3 mmolÁm -2 Ás -1 in irrigated and non-irrigated treatments, respectively. In 2002, gs em decreased in all treatments until irrigation started when, unlike the previous year, gs em increased in T1 until the end of the cycle. Significant differences in gs em were found between T1 and the rest of the treatments. In T3, gs em decreased mainly after veraison (DOY 213) (Fig. 3B) (Fig. 4) . Y 0-1.2 was significantly related to plant water status in 2002 (Figs. 4A and 5) . No differences were detected between regression lines at early morning and midday, so only one regression line with all pooled data are shown for leaf water potential (Fig. 4B) . The regression lines of g S at early morning and midday were different (P < 0.05) in intercept but not in slope (Fig. 5) . 
Discussion
The purpose of this research was to determine if there was a functional relationship between soil water availability and grapevine water status that could be used to effectively manage deficit irrigation. One of the simplest methods to estimate vine water status would be to monitor soil water (Intrigliolo and Castel, 2006) under the assumption that a functional relationship links both system components. Although the method neglects the impact of atmospheric demand on plant evapotranspiration, it assumes there is a soil water threshold value at which irrigation should be applied to prevent major crop water stress. In this work, we measured soil water potential with Watermark Ò sensors located at 0.3, 0.6, and 1.2 m depths. These sensors are inexpensive and easy-to-use, but have a limited range of response from -0.01 to -0.2 MPa (Charlesworth, 2000) . This range was found to be adequate for our deficit irrigation application (Fig. 1) .
Sensors at the 0.3 m depth detected variations in soil water content earlier than sensors located at deeper soil layers. As a result, continuous variations were observed in the Y 0.3 readings (Fig. 1, A and B) . Sensors at the 0.6 m depth registered a steady decrease in Y 0.6 compared with those at the 0.3 m depth (Fig. 1, C and D) , possibly due to the high root density and more intense water extraction at this depth. Prior and Grieve (1986) recommended that Y 0.6 should not fall under -0.05 MPa to prevent water stress, particularly in the weeks immediately after flowering, when plants are more sensitive to stress. Myburgh (2003) considered water stress when soil matric potential was lower than -0.07 MPa. According to these authors, all of our treatments remained under water stress conditions through both growing seasons, although in 2001, Y 0.6 maintained values higher than -0.07 MPa for 30 d after flowering. Y 1.2 was unaffected by irrigation ( Fig. 1, E and F) . Soil moisture pattern at this depth was similar across treatments and indicated a slow and consistent reduction in soil water. The trend of soil moisture at this depth is usually influenced by water movement to upper layers, where abundant roots extract considerable amounts of water. However, the lack of treatment effect suggested that capillary rise might have not been the main cause for the soil moisture trends observed at this depth.
Leaf water potential evaluated at predawn hours (Y pd ) was within the range of -0.08 and -0.63 MPa in the irrigated treatments. Because most readings were higher than -0.54 MPa (Fig. 2, A and B) , our irrigated vines were under conditions of moderate water stress (Deloire et al., 2004; Intrigliolo and Castel, 2006; Medrano et al., 2003) . Contrary to irrigated vines, values for nonirrigated vines were lower than -0.6 MPa during significant portions of the season, which is considered severe water stress (Deloire et al., 2004) . Recorded Y em and Y md values were lower in 2002 (Fig. 2, D and F) than in 2001 (Fig. 2, C and E) . In 2002, irrigation began later and plants were under greater water stress when irrigation started (Y md = -1.52 MPa) than in 2001 (Y md = -0.72 MPa). As the season progressed, stress conditions accumulated, resulting in larger differences among treatments. The development of Y em and Y md suggested that both of these measurements were good indicators of the effect of irrigation on plant water status. However, they were not adequate at detecting the sufficiency of water applied because no differences were found between T1 and T2 in spite of 33% more water applied in T1. Intrigliolo and Castel (2006) obtained differences in Y pd and Y stem at early morning between vines under moderate and severe water stress, but no differences were found in Y md . However, Grimes and Williams (1990) and Araujo et al. (1995) observed a greater decrease in Y md in the most severely stressed treatments compared with the mildly stressed treatments. Differences between these results might be mainly due to the level of plant water deficit because under intense water stress, variations in leaf water potential are mostly detected at early morning when stomata are open. Under our deficit irrigation conditions, severe water stress is prevented but vines are subjected to controlled water deficit most of the year.
Stomatal conductance was the only measured parameter able to distinguish the effect of irrigation treatments, especially the early morning evaluations (Fig. 3, A and B) . Although differences in stomatal response were found between years, higher g S values were recorded in treatments where more water was applied through irrigation (Fig. 3) . Highest stomatal closure was measured in mid-August after veraison (Table 2) , which is in agreement with Intrigliolo and Castel (2006) who observed the same response in 'Tempranillo' plants subjected to water stress. In both seasons, larger variability was computed in g s measurements (CV about 40%) than in leaf water potential measurements (about 13%). Cifré et al. (2005) concluded that g S is the best indicator of water stress in grapevine because of the rapid response to water deficit. However, they pointed out that g S showed more variability than leaf water potential, possibly due to the effects of vapor pressure deficit or differences in light exposure of the leaves (Düring, 1976) . The extreme conditions at midday produced a consistent decrease in gs md compared with gs em , which evidenced the rapid stomatal regulation to avoid water loss, yet making these evaluations less recommended for the purpose of triggering irrigation.
Leaf water potential and g S were highly correlated to the weighted average matric potential of the soil profile (Y 0-1.2 ) (Figs. 4 and 5) . Y em and Y md were slightly better correlated to Y 0-1.2 than Y pd , which indicated that plant water status is more responsive to soil water availability when the atmospheric demand is high (Williams and Araujo, 2002; Yuste et al., 2004) . However, Cifré et al. (2005) , Deloire et al. (2004) , and Yuste et al. (1999) (Fig. 4A ) indicated less variation in plant water status at predawn compared with plant water status after sunrise (Fig. 4B) . Nadler and ) were significant at P = 0.01 (**). 1 MPa = 10 bars.
• June 2010 20 (3) Heuer (1997) and Schultz (2003) also found that under severe water stress or when atmospheric demand sharply increased, leaf water potential remained relatively constant, in spite of large changes in soil matric potential. Stomata close during the night hours and shoot tissues recover from water deficit, thus no differences in Y pd were observed between irrigated and non-irrigated plants (Williams, 2002) . After sunrise stomata opened and atmospheric demand increased, there was a more pronounced slope of the regression line without significant differences between early morning and midday evaluations (Fig. 4B) . Similar responses have been reported when soil water status was evaluated as water content. Cuevas et al. (2006) found a good relationship between soil water content (qv) up to 1.1 m depth and g S , and Williams and Trout (2005) and Naor et al. (1994) determined a direct relationship between qv and gs md .
Toome (2002) and Deloire et al. (2004) 
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-1 ); and when Y 0-1.2 < -0.18 MPa (g S < 50 and Y md or Y em around -1.4 MPa) the soil water content is clearly limiting leaf physiological activities and plants would be into severe water stress conditions. Thus, it would be recommended to avoid soil matric potential falling to -0.14 MPa.
Hardie and Martin (2000) proposed using shoot growth as an indicator to trigger irrigation. They found that shoot growth elongation stops at soil water potential around -0.07 MPa, which equals Y pd = -0.25 and Y md = -0.95 MPa attending Fig.  4 equations. Williams (2002) recommends starting irrigation when Y md % -1.0 MPa, when shoot growth rate is very slow. These former values correspond to g S = 146 mmolÁm -2 Ás -1 , which is within the range considered as mild water deficit (Cifré et al., 2005) . We had previously determined under similar experimental conditions to those in this study (Baeza et al., 2007) at midday (Fig. 5) , which are within the g S range assigned as moderate water deficit (Cifré et al., 2005) . Using relationships developed previously in our laboratory under similar conditions, when Y 0-1.2 = -0.12 MPa, vines would be expected to have dropped leaf assimilation rate to 41% if the above g S is used (Cuevas et al., 2006) or to 45% if the leaf water potential is used (Baeza et al., 2007) . This integrated soil water potential lowest threshold (i.e., Y 0-1.2 = -0.12 MPa) can perform as a useful indicator of vine physiological activity and expected water status when irrigation should be triggered as well as kept during berry maturation.
Conclusion
The results of the present work verify the relationship between soil water potential and plant water status measures. Growers could adjust the plant responses to different soil water content to avoid excess of water deficit situations. With this adjustment, irrigation can be efficiently and easily managed. The rapid response of WatermarkÒ sensors indicated that these sensors are a good tool for monitoring irrigation, as long as soil water is within their range of measurement, that is, between -0.01 and -0.2 MPa. They cannot be used in conditions of severe water stress because Y 0-1.2 values close to -0.2 MPa corresponded with plant responses (Y em , Y md , and g S ) indicative of severe water stress. Also, it is necessary to make soil water potential adjustments on each crop and local conditions. Leaf water potentials, Y em and Y md , and g S differentiated reasonably well plant water status between irrigated and non-irrigated plants. Linking the results of this study with the previous work of our group under similar experimental conditions (Cuevas et al., 2006) , we propose using an integrated soil water potential value of -0.12 MPa as threshold to trigger irrigation and to keep soil water status within an optimal range for grapevine activity during berry growth, avoiding the reaching of an integrated soil water potential of -0.14 MPa.
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